The Taylor rule establishes a simple linear relation between the interest rate, inflation and output gap. However, this relation may not be so simple. To get a deeper understanding of central banks' behaviour, this paper asks whether central banks are In particular, those two central banks tend to react to inflation only when inflation is above or outside their targets. Moreover, our evidence suggests that the European Central Bank is targeting financial conditions, contrary to the other two central banks.
Introduction
Since the establishment, by Taylor (1993) , of the linear algebraic interest rule that specifies how the United States (US) Federal Reserve (Fed) adjusts its Federal Funds rate to inflation and the output gap, several papers have emerged to test the validity of that rule for other countries and time periods.
Some studies have recently extended the Taylor rule by considering the effect of other variables in the conduct of monetary policy. One important extension is related to the inclusion of asset prices and financial variables in the rule.
1 This issue has caused a huge discussion in the literature: while some authors consider it important that central banks target asset prices, others disagree. To contribute to this discussion, we ask whether the basic Taylor rule could instead be augmented with an alternative variable that collects and synthesises the information from the asset and financial markets, i.e.
whether central banks are targeting the relevant economic information contained in a group of financial variables and not simply targeting each financial variable per se.
Thus, the first aim of this paper is to estimate a linear Taylor rule for the Eurozone, US
and United Kingdom (UK) augmented with a financial conditions index that captures the information contained in some financial variables. The main innovation is that instead of relying on particular asset prices or financial variables, like other studies do, the index built in this paper synthesises the relevant information provided by those variables in a single variable where the weight of each asset and financial variable is allowed to vary over time. In fact, the central bank may not be targeting a particular asset or financial variable all the time, but it is possible that it may target it in some occasions, i.e. when, by some reason, it acquires particular economic relevance. Thus, synthesizing the information from several assets and financial variables in a weighted index permits to extract the particular relevance of each variable at each point in time and, therefore, put together an amount of information that is more likely to be targeted by the central bank at any the time.
The results from the estimation of a linear Taylor rule indicate that the European Central Bank (ECB) targets the information contained in the financial conditions index developed in this study, but the Fed and Bank of England (BOE) are not doing so; they only take into account one or two financial variables and clearly do not target asset prices. This is an interesting result that might help us to understand part of the story behind the recent credit crunch.
The traditional Taylor rule is an optimal policy rule that is derived from the minimization of a symmetric quadratic central bank's loss function assuming that the aggregate supply function is linear. However, in reality, this may not be the case and the central bank can have asymmetric preferences -i.e. it might assign different weights to negative and positive inflation and output gaps in its loss function -therefore, following not a linear but a nonlinear Taylor rule. Only very recently some studies started to consider these asymmetries or nonlinearities in the analysis of monetary policy. 2 This paper extends the analysis to two areas not yet explored by those studies. First, it applies, for the first time, a nonlinear model to the study of ECB monetary policy,
where the presence of asymmetries is taken into account directly in the structure of the model. This procedure will permit an answer to the following questions: Is the ECB following a nonlinear Taylor rule, or more precisely, is the ECB reacting differently to levels of inflation above and below the target? Does the ECB attempt to hit the inflation target precisely or keep inflation within a certain range? Second, this paper also extends the nonlinear specification of the Taylor rule with the financial index used in the linear estimations to check whether, after controlling for nonlinearities, the ECB and the other two central banks are still (or not) reacting to the information contained in this index.
The results of the estimation of the nonlinear smooth transition regression model used in this paper are very interesting. First, they show that the ECB follows a nonlinear (and not a linear) Taylor rule: it only reacts actively to inflation when it is above 2.5%;
and it only starts to react to the business cycle when inflation is stabilised, i.e. well below 2.5%. This is an empirical result that confirms quite remarkably the principles of ECB monetary policy. Second, the results also show that the ECB -contrary to the other central banks -continues to consider the information contained in the financial index even after nonlinearities are controlled for. Third, we find weak evidence to reject the linear model for the US but not for the UK, where the BOE seems to be pursuing a target range of 1.8%-2.4% for inflation rather than the official point target of 2%.
The remainder of this paper is organized as follows: Section 2 presents a brief review of the literature on the Taylor rule. The specification used to estimate the linear Taylor rule is described in Section 3; this section also presents the data and analyses the empirical results of the estimation of that specification. The model used to estimate the nonlinear Taylor rule is presented and analysed in Section 4, as well as the results of its estimation. Section 5 emphasises the main findings of this paper and concludes.
A brief review of the literature on the Taylor rule
This section intends to provide a brief review of the literature on the Taylor rule, emphasizing the main contributions that motivate the analysis presented in this study.
In its original form, the Taylor rule assumes that central banks use past or current values of inflation and output gap to set up the interest rate. However, in practice, they tend to rely on all available information -concerning the expected evolution of prices -when defining the interest rate. For that reason, Clarida et al. (1998 Clarida et al. ( , 2000 suggest the use of a forward-looking version of the Taylor rule where central banks target expected inflation and output gap instead of past or actual values of these variables. That practice allows the central bank to take various relevant variables into account when forming its forecasts. 3 They prove its advantages in the analysis of the policy behaviour of the Fed and other influential central banks. Fourçans and Vranceanu (2004) and Sauer and Sturm (2007) also stress the importance of considering a forward-looking Taylor rule in the analysis of the ECB monetary policy.
Some studies extend this linear rule by considering the effect of other variables in the conduct of monetary policy. For example, Fourçans and Vranceanu (2004) present some evidence of an ECB response to the exchange rate deviations from its average. A similar result is found by Chadha et al. (2004) for the Fed, Bank of England and Bank of Japan and by Lubik and Schorfheide (2007) for the central banks of Canada and England. Considering the role of money supply in the ECB reaction function, Fendel and Frenkel (2006) and Surico (2007b) conclude that it does not affect the ECB's behaviour directly but it is a good instrument to predict future inflation.
The role of asset prices is an important issue considered in some studies.
However, no consensus was reached about whether the central bank should or not target these kinds of financial variables. Cecchetti et al. (2000) , Borio and Lowe (2002) , Goodhart and Hofmann (2002) , Chadha et al. (2004) and Rotondi and Vaciago (2005) consider it important that central banks target asset prices and provide strong support and evidence in that direction. On the contrary, Gertler (1999, 2001 ) and Bullard and Schaling (2002) do not agree with an ex-ante control over asset prices.
They consider that once the predictive content of asset prices for inflation has been accounted for, monetary authorities should not respond to movements in assets prices.
Instead, central banks should act only if it is expected that they affect inflation forecast or after the burst of a financial bubble in order to avoid damages to the real economy.
On the other hand, Driffill et al. (2006) analyse the interactions between monetary policy and the futures market in the context of a linear reaction function. They find evidence supporting the inclusion of futures prices in the central bank's reaction function as a proxy for financial stability. The issue of financial stability is also investigated by Montagnoli and Napolitano (2005 (Dolado et al., 2005) , nonlinear central bank preferences (Dolado et al., 2000 , Nobay and Peel, 2003 , Ruge-Murcia, 2003 and Surico, 2007a or both (Surico, 2007b The nonlinear monetary policy rule used in our paper takes into account the asymmetries in the macroeconomic model and in the central bank preferences implicitly and generalizes the Taylor rule in the tradition of Clarida et al. (1998 Clarida et al. ( , 2000 . Instead of simply relying on a linear model, à la Surico (2007b) , where the asymmetries are accounted for by using products and cross products of inflation and output gap or by a separate analysis for inflation above or below the target, this paper estimates a nonlinear model for monetary policy where the presence of asymmetries is taken into account directly in the structure of the model. Besides analysing monetary policy asymmetries, this procedure will also permit an answer to the question of whether a central bank follows a point target or a target range for inflation.
Some studies have applied Markov-switching models to the study of monetary policy asymmetries or nonlinearities (Kaufmann, 2002 , Altavilla and Landolfo, 2005 , Assenmacher-Wesche, 2006 Bec et al. (2000) , we allow for the possibility of interest rate smoothing.
To our knowledge, only Martin and Milas (2004) and Petersen (2007) have deeply focused their attention on models that allow for a smooth transition from a state of high inflation to a state of low inflation (and vice-versa) in the context of the Taylor rule. These models seem to provide a better framework to explain nonlinear policy behaviour because as they allow for endogenous regime switches -contrary to the Markov-switching model -they offer economic intuition to understand the nonlinear policy behaviour of the central bank. Furthermore, they have the advantage of being capable of explaining why and when the central bank has changed its policy rule. inflation within a range rather than pursuing a point target and tend to react more actively to upward than to downward deviations of inflation away from the target range.
The only shortcoming of the paper is not providing a test for the adequacy of the model, i.e. the authors do not test the validity of their nonlinear model against a linear one or against other nonlinear alternatives. This is a key issue that we will cover in this study. Qin and Enders (2008) also consider such a model among the several (linear) models that they estimate for the Fed and where they allow for interest rate smoothing and forward-looking behaviour. Their aim is simply to examine the in-sample and out-of-sample properties of linear and nonlinear Taylor rules for the and extend the nonlinear monetary rule with other variables, like the ones that provide information on the financial conditions. Furthermore, using data for the Eurozone, this paper will be, to our knowledge, the first to apply a nonlinear model with smooth regime transition to the study of the ECB monetary policy.
Specification and estimation of the linear Taylor rule
A basic linear Taylor rule is specified and estimated in this section. We start by describing the rule in its contemporaneous and forward-looking versions. Then we proceed with its estimation for the Eurozone, US and UK.
The linear Taylor rule
The following rule was proposed by Taylor (1993) Therefore, according to Clarida et al. (1998 Clarida et al. ( , 2000 , the central bank's desired target interest rate (i * ) depends on the deviation of expected inflation k periods ahead (in US economy. However, unlike Petersen (2007), they did not find evidence of significant nonlinearities in the Fed's behaviour during the period 1987-2005. 7 According to the literature, both the equilibrium real rate and the inflation target are assumed to be constant (see, for example, Clarida et al., 1998 Clarida et al., , 2000 .
annual rates) from its target value and the expected output gap p periods ahead, which yields the following forward-looking Taylor rule:
where E is the expectations operator and Ω t is a vector including all the available information for the central bank at the time it sets interest rates.
According to the 'Taylor principle', for the monetary policy to be stabilizing the coefficient on the inflation gap (β) should exceed unity and the coefficient on the output gap (γ) should be positive. A coefficient greater than unity on the inflation gap means that the central bank increases the real rate in response to higher inflation, which exerts a stabilizing effect on inflation; on the other hand, β<1 indicates an accommodative behaviour of interest rates to inflation, which may generate self-fulfilling bursts of inflation and output. A positive coefficient on output gap means that in situations in which output is below its potential a decrease in the interest rate will have a stabilizing effect on the economy.
A common procedure when estimating monetary policy reaction functions is to control for the observed autocorrelation in interest rates. This is usually done by assuming that the central bank does not adjust the interest rate immediately to its desired level but is concerned about interest rate smoothing. Several theoretical justifications are advanced in the literature for the inclusion of interest rate smoothing in the Taylor rule, like the fear of disruptions in the financial markets, the existence of transaction frictions, the existence of a zero nominal interest rate lower bound or even uncertainty about the effects of economic shocks. Thus, if the central bank adjusts interest rates gradually towards the desired level, the dynamics of adjustment of the actual level of the interest rate to its target is generically given by: where the sum of ρ j captures the degree of interest rate smoothing and j represents the number of lags. The number of lags in this equation is generally chosen on empirical grounds so that autocorrelation in the residuals is absent. 
which is the specification that is usually estimated in the literature. This rule can be easily extended to include an additional vector of other m explanatory variables (x) that may potentially influence interest rate setting. To do that we just need to add 
where the error term ε t is a linear combination of the forecast errors of inflation, output, the vector of additional exogenous variables and the disturbance u t . 10 Equation (5) will be estimated by the generalized method of moments (GMM).
According to Clarida et al. (1998 Clarida et al. ( , 2000 , this method is well suited for the econometric analysis of interest rate rules when the regressions are made on variables that are not known by the central bank at the decision-making moment. To implement this method, the following set of orthogonality conditions is imposed:
where v t is a vector of (instrumental) variables within the central bank's information set at the time it chooses the interest rate and that are orthogonal with regard to ε t . Among them we may have a set of lagged variables that helps to predict inflation, output gap and the additional exogenous variables, together with other contemporary variables that should not be correlated to the current disturbance u t . An optimal weighting matrix that accounts for possible heteroscedasticity and serial correlation in ε t is used in the estimation. Considering that the dimension of the instrument vector v t exceeds the 9 Note that q can be zero, positive or negative depending on the kind of additional variable(s) considered. 10 For further details, see Clarida et al. (1998 Clarida et al. ( , 2000 . number of parameters being estimated, some overidentifying restrictions must be tested in order to assess the validity of the specification and the set of instruments used. In that context, Hansen's (1982) overidentification test is implemented: under the null hypothesis the set of instruments is considered valid; the rejection of orthogonality implies that the central bank does not adjust its behaviour to the information about future inflation and output contained in the instrumental variables. Since in that case some instruments are correlated with v t , the set of orthogonality conditions will be violated, which leads to the rejection of the model.
In practice, to proceed with the estimation of equation (5), we consider the following reduced form:
where the new vector of parameters is related to the former as follows:
. Therefore, given the estimates of the parameters obtained from (7), we can recover the implied estimates of α, β, γ, and θ and the respective standard errors by using the delta method. Assuming that we can consider the average of the observed real interest rate over the period in analysis as the equilibrium real interest rate, we can therefore obtain an estimate of the implicit inflation target pursued by the central bank as follows:
Data, variables and additional hypotheses to test
The data used in this study are monthly 11 and mostly obtained from the statistics published by the three central banks analysed here: ECB Statistics, Fred II for the Fed and BOE Statistics. Other sources are used, especially for data on the additional exogenous variables that we will consider in this study. A detailed description of all variables used in this paper and respective sources is provided in Annex (see Table   A .2.1). Figures 1 to 3 show the evolution of the main variables considered in this study for the analysis of the monetary policy followed by each central bank.
[Insert Figures 1 to 3 around here]
The sample covers the following periods: January 1999-December 2007 for the Eurozone, which corresponds to the period during which the ECB has been operating;
October 1982 We consider several measures of interest rate and inflation. However, in the estimations we decided to choose the ones that have been followed more closely by each central bank and that permit an easy comparison of the estimation results between the three economies. For the Eurozone we use the Euro overnight index average lending rate (Eonia) as the policy instrument, which is the interest rate more directly related to the key interest rate and that does not suffer from discrete oscillations observed in the later (see Figure 1 ). The inflation rate is the annual rate of change of the harmonized index of consumer prices (Inflation), which is the main reference for the ECB monetary policy. As usual, the effective Federal Reserve funds rate (FedRate) is used in the estimation of the Taylor rule for the US. The inflation variable is the core inflation rate (CoreInfl), which excludes food and energy and that is considered a definition of inflation that the Fed has been following closely (see Petersen, 2007) . For the UK we use the three-month Treasury bill rate (TreasRate) as the nominal interest rate, which according to Martin and Milas (2004) and Figure For the estimation of the ECB monetary rule, we also consider the role of the money supply. The primary objective of the ECB is price stability or, more precisely, to keep inflation below but close 2% over the medium term. However, its mandate is also based on an analytical framework based on two pillars: economic analysis and monetary 12 The industrial production is used as proxy for output because monthly data for GDP are not available.
analysis. The output gap is used in our model to capture the behaviour of the economy;
to control for the role of money we include in the model the growth rate of the monetary aggregate M3 (M3). In theory, we expect the ECB to increase the interest rate when M3 is higher than the 4.5% target defined by this institution for the growth of money.
Whether this variable has been indeed targeted by the ECB is not entirely clear and has been a matter of huge discussion to which this analysis tries to contribute. In this analysis, besides computing the FCI we also construct a new and extended FCI (EFCI) from the weighted average of the real effective exchange rate, real share prices and real property prices plus credit spread and futures interest rate spread.
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Following Montagnoli and Napolitano (2005), we use a Kalman Filter algorithm to determine the weight of each asset. This procedure allows those weights to change over time. Goodhart and Hoofmann (2001) propose other methodologies to compute financial indices -like the estimation of a structural VAR system or the simple estimation of a reduced-form aggregate demand equation -in which they assume that 13 On the discussion see, for example, Fendel and Frenkel (2006) and Surico (2007b) . 14 See Goodhart and Hoofmann (2001) . 15 As the real interest rate is already incorporated in the monetary rule discussed above, it is not included in the construction of our EFCI.
the weight associated with each variable is fixed. However, in reality, it is more likely that the economic agents' portfolios change with the business cycles. Hence, this study where rir is the de-trended real interest rate and the financial variables (x) are the deviation from the long run equilibrium of, respectively: 18 the real exchange rate (REER_gap), where the foreign currency is in the denominator; real stock price (RStock_gap); real house price (RHPI_gap); credit spread (CredSprd), computed as the spread between the 10-year government benchmark bond yield (Yield10yr) and the interest rate return on commercial corporate bonds; and the change of spread (ΔFutSprd) between the 3-month interest rate futures contracts in the previous quarter (FutIR) and the current short-term interest rate. All these variables produce valuable financial information that can be compressed in a simple indicator and then included in the central banks' monetary rule to test whether and how they react to this information when they are setting up the interest rate. As it is assumed that they follow a random walk process, the matrix F is equal to the identity matrix. The Kalman filter allows us to recover the dynamic of the relation between output gap and its explanatory variables. This recursive algorithm estimates the state vector β t as follows:
(which is the mean square error of β t ) and β t|t-1 is the forecast of the state vector at period t, given the information available at the previous period (t-1). Using this filter we can now recover the unobservable vector that affects the output gap. For each variable, it is now possible to observe how the respective coefficients and weights change over time. The weights attached to each variable are obtained as follows:
β is the coefficient of variable x i in period t. Hence, the extended financial conditions index at time t is computed as the internal product of the vector of weights and the vector of the five financial variables described above, i.e.
The EFCI is then included in the monetary rule defined for each central bank. As this variable contains valuable information about the financial health of the economy, as well as information about future economic activity and future inflationary pressures, we expect a reaction of the central bank to changes in this variable. In particular, we expect an increase of interest rates when this indicator improves; on the contrary, more restrictive financial conditions would require an interest rate cut. Using such an index we are avoiding the critique formulated by some authors that central banks should not target asset prices. Central banks may not do that directly and at all the time for each asset, but this study intends to show that they can extract some additional information from the evolution of those assets, as well as from other financial variables, when setting interest rates. Finally, as the economic relevance of these variables changes over time, we are also allowing for the possibility of central banks giving different importance to them over time.
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A final note regarding the data goes to the kind of data used: we use ex-post revised data. Orphanides (2001) claims that estimated policy reactions based on ex-post revised data can provide misleading descriptions of the monetary policy. For that reason, he suggests the use of real-time data in the analysis of monetary policy rules, i.e. data that is available at the time the central bank takes its decision on the interest rate.
However, Sauer and Sturm (2007) show that the use of real-time data for the Eurozone instead of ex-post data does not lead to substantially different results. In fact, as the quality of predictions for output and inflation has increased in the last years, it is natural that those differences are less significant and less problematic nowadays, especially in the case of the Eurozone, which represents the main object of study in this paper. For that reason we rely essentially on ex-post data in this analysis. However, in the robustness analysis we will provide some results with real-time inflation and output gap data for the Eurozone obtained from the ECB Monthly Bulletins. 21 As industrial production is the variable that is more frequently revised, we also try to overcome the revised-data problem in the three economies by including in the model an alternative variable that provides good information regarding the state of the economy but that does not suffer revisions: the economic sentiment indicator (EcoSent). This variable is obtained from surveys of consumers and firms designed to collect their opinion about the general economic situation (output, unemployment, prices, etc) for the next year.
Empirical results
Before proceeding with the estimation of the model it is important to consider some issues. First, the sample period must be sufficiently long to contain enough variation in inflation, output and EFCI, and to identify the slope coefficients. Analysing Results for the baseline forward-looking estimation presented in column 2 show a significant reaction of the ECB to inflation: a one percentage point (p.p.) rise in expected annual inflation induces the ECB to raise the interest rate by about 2.75 p.p.
As the coefficient on the inflation is greater than unity the real rate increases as well in response to higher inflation, which exerts a stabilizing effect on inflation. Independently of its main concern about inflation, the ECB is also responding to the business cycle: a one p.p. increase in the output gap generates an interest rate increase of about 2 p.p.
We also obtain an interesting estimate of π*=2.32, which indicates that the ECB target for inflation is in practice only slightly higher than the 2% announced in its definition of price stability. In fact, the data shown in Figure 1 for the evolution of inflation rate is consistent with this result: inflation is below (but close) to 2.3%-2.4%
for most of the time, but generally above the 2% formal target. This means that the ECB was tough in setting the formal target for inflation to transmit the idea that it is highly concerned in controlling inflation (as the former German Bundesbank). But despite this toughness, its policy allows for some flexibility, perhaps to accommodate the differences among the economies that constitute the Eurozone.
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Next we extend the baseline model considering other factors that the central bank can take into account when defining the interest rate. According to the monetary pillar, the ECB should be targeting the growth of M3. However, no significant effect is 23 We will see below that our results reject the hypothesis of M3 being targeted by the ECB, but it is shown to be a good instrument for the forward-looking monetary rule for the ECB. The 10-year government benchmark bond yield (Yield 10yr) also contains good and useful past information about the future evolution of the interest rate. 24 Alternatively, if we assume that the target is really 2%, we can use it to estimate the equilibrium real rate. Our experiments provided estimates of around 0.5% for the regressions presented here, which can be considered a low value for the equilibrium real rate (see, for example, Fendel and Frenkel, 2006) . This evidence reinforces the idea that the ECB may in fact be targeting a slightly higher value for inflation to accommodate asymmetric shocks that may affect the Eurozone countries differently.
detected from the inclusion of M3 in the model (see column 3). 25 This result confirms the evidence provided by Fendel and Frankel (2006) and Surico (2007b) is a way of the ECB also targeting inflation indirectly and avoiding financial imbalances that can be prejudicial for economic stability. This is a striking result and represents the first analysis providing evidence that the ECB is not only trying to promote monetary stability but, in doing so, it is also trying to promote the required financial stability. This means that the ECB monetary policy can be explained by a Taylor rule augmented with information from financial conditions.
As mentioned in Section 2, there is a huge discussion in the literature about whether central banks should target financial variables and, in particular, asset prices.
This paper provides some evidence favouring the inclusion of the information contained in those variables in the monetary rule. 26 In general, papers deal with this issue by including each single asset price or financial variable independently in the model without taking into account the relative importance of each one at each particular moment in time. With the index used in this study, we overcome that problem and concentrate the information provided by those variables in a single indicator. This also avoids possible multicollinearity problems that may result from the inclusion of all 25 In this case we are including in the estimation the variable M3 minus the reference value of 4.5%, which is defined as the target for M3 by the ECB. Results did not change even when we included in the regression the difference of (log) of M3 relative to its Hodrick-Prescott trend instead of M3-4.5%. 26 This conclusion is in line with other works in the field, like Cecchetti et al. (2000) , Borio and Lowe (2002) , Goodhart and Hofmann (2002) , Chadha et al. (2004) , Rotondi and Vaciago (2005) Results are presented in column 9 of Table 1 and show that the coefficient on the lag of this variable is positive and highly significant, as expected, and the other results are not substantially affected. Moreover, no major differences are obtained even when we assume that the central bank is considering the economic information from both the 27 Note that a depreciation of the Euro above its trend, an increase in the share and house prices above their trends and a higher departure of the futures interest rate from the actual interest rate all contribute to a significant reaction of the ECB to the increase in the interest rate. 28 The variable EcoSent_gap is computed from the EcoSent in the same way as we compute the output gap from the industrial production. While EcoSent has a unit root, EcoSent_gap is stationary, as required.
OutpGap and EcoSent_gap simultaneously (see column 10). Results show that
information from these two variables can be easily combined in taking policy actions.
Finally, in columns 11 and 12 we use real-time data for inflation and output gap instead of ex-post revised data. However, as already shown by Sauer and Sturm (2007) , the use of real-time data for the Eurozone, instead of ex-post data, does not lead to substantially different results.
In the next table (Table 2) we reproduce some of the main results obtained for the other two economies (US and UK). The sequence in which the results are presented is quite similar to the one used for the Eurozone. The estimates in columns US1 and UK1 were obtained from a simple Taylor rule. Such a rule produces quite good results for the US but not so impressive for the UK. While the coefficient on inflation is higher than 1 for the US, as expected, it is lower than 1 for the UK. However, note that both regressions suffer from a problem of autocorrelation (see DW). Moreover, it is expected that these central banks tend to rely on all available information, which requires a GMM estimation of a forward-looking Taylor rule with interest rate smoothing.
[Insert Table 2 around here]
The results presented in Table 2 show that two lags of the interest rate are required to eliminate any serial correlation in the error term for the US and UK regressions (see DW). The horizons of the inflation and output gap forecasts for the US were chosen to be the same as the ones used for the Eurozone; for the UK, we have the contemporaneous value of the output gap and lead 6 of inflation. These horizons were selected using the SBIC. The set of instruments for the US includes a constant and lags 1 to 6, 9 and 12 of CoreInfl, OutpGap and Yield10yr; For the UK, it includes a constant and lags 1 to 6, 9 and 12 of RPI_Infl, OutpGap, Yield10yr and FCI. The validity of these instruments is confirmed by the Hansen's J-test in any of the GMM estimations.
Results are consistent with the Taylor rule for both countries: the coefficients on inflation are consistently higher than unity and statistically significant, as required; and the coefficients on the output gap are positive and statistically significant, as expected.
Results also indicate that the Fed has been following an average target for inflation of Contrary to the ECB, these two central banks are not targeting financial conditions, as is revealed by the insignificant coefficients on FCI and EFCI in both cases. However, some components of the extended index seem to be considered by those central banks. As pointed out by Driffill et al. (2006) , this work confirms that the Fed reacts to the expected future evolution of interest rates. On one hand, when the long-term government bond yield rate is above the corporate bond yield rate -which means an expected improvement of the economic conditions and consequent inflationary pressures in the future -the central bank increases the interest rate. On the other hand, the Fed also aims to reduce the volatility of the spread between the futures and actual interest rates, which induces it to follow the pace of the futures market. The first effect is also found for the BOE, but not the second. Moreover, we found no evidence that these two central banks are targeting the evolution of the exchange rate or asset prices, a result that is in line with the arguments advanced by Gertler (1999, 2001 ) and Bullard and Schaling (2002) on this matter.
These results bring about an important conclusion of this study: while the ECB is targeting financial conditions in general to avoid imbalances in the asset and financial markets and, in the limit, in the monetary market, the Fed and BOE are not so worried about the financial conditions and let the financial markets, in particular the asset markets, act free from any direct control. The result of this different behaviour seems to be well evident in the recent credit crunch that arose in the US housing market and that quickly spread to the UK. Due to the integration of global markets, indirect repercussions are also felt in the Eurozone, but its asset markets (and the economy, in general) have shown more initial resistance to the credit crisis than their counterparts in the US and even in the UK. Thus, targeting financial conditions might be a solution to avoid imbalances in the financial and asset markets and, consequently, to avoid a sharp economic slowdown.
Results from column UK6 indicate that, as in the Eurozone, the international economic conditions (proxied by the US output gap) seem to be taken into account in the monetary rule for the BOE as well. However, in this case the statistical evidence is much weaker. We also include the EcoSent_gap instead of OutpGap in the regressions US6 and UK7, to avoid the data revision problems that affect the output gap. The main results do not change, but the coefficient on the lag of EcoSent_gap for the US regression is not significant, which can mean that the Fed is not relying on consumers'
and firms' economic sentiment as it relies on real output forecasts.
Finally, to compare the monetary policy of the three central banks analysed here in the same time period, we estimate a regression for the US and UK using data for the period January 1999-December 2007 (see columns US7 and UK8). 29 The estimated target for the US inflation is now 2.11%, which indicates a stronger concern by the Fed in keeping inflation low during this period. In general, the results for the US are quite similar to the ones obtained for the Eurozone, but the estimated model for the UKdespite presenting reasonable estimates for the target for inflation (2.05%) and for the coefficient on the output gap -is not able to capture any significant effect from the inflation rate. One reason might be the fact that the inflation rate has remained below the inflation target defined by the BOE for most of the time during this period (see Figure 3) , which makes it difficult to extract any significant reaction of the BOE to this variable.
In sum, after analysing the results from the linear estimation of the Taylor 
Specification and estimation of the nonlinear Taylor rule
A forward-looking nonlinear Taylor rule is specified and estimated in this section. We start by presenting the nonlinear model and a test to detect the presence of nonlinearities. For cases in which the nonlinearity is not rejected, we proceed with the estimation of the respective nonlinear specifications.
The nonlinear Taylor rule
The Taylor rule presented and estimated above is a simple linear interest rate rule that represents an optimal policy-rule under the condition that the central bank is minimising a symmetric quadratic loss function and that the aggregate supply function is linear. However, in reality, this may not be the case and the central bank can be responding differently to deviations of aggregates from their targets. If the central bank is indeed assigning different weights to negative and positive inflation and output gaps in its loss function, then a nonlinear Taylor rule seems to be more adequate to explain the behaviour of monetary policy. 30 Moreover, inflation and the output gap tend to show an asymmetric adjustment to the business cycle. It is well known that output exhibits short and sharp recessions over the business cycle, but long and smooth recoveries.
Inflation also increases more rapidly over the business cycle than it decreases. 31 Under these circumstances it is natural that the central bank has to respond differently to levels of inflation and output above, below or around the required targets. These arguments emphasize the importance of considering a nonlinear Taylor another, it provides a better structural framework to explain nonlinear policy behaviour.
Allowing for endogenous regime switches -contrary to the Markov-switching modelsit also provides economic intuition for the nonlinear policy behaviour of the central bank and it is able to explain why and when the central bank changes its policy rule.
Although three versions of this model have been applied to the study of the behaviour of some relevant central banks by Bec et al. (2000) , Martin and Milas (2004) and Petersen (2007) (2003), Ruge-Murcia (2003) , Dolado et al. (2005) and Surico (2007a Surico ( , 2007b . 31 See, for example, Hamilton (1989) and Neftçi (2001) . 32 The presence of nonlinearities in the ECB monetary policy is also studied by Surico (2007b) , but without estimating a nonlinear model. 33 For further details on the STR model, see Granger and Teräsvirta (1993) , Teräsvirta (1998) Considering this framework, the LSTR1 model can describe relationships that change according to the level of the threshold variable. Assuming that the transition variable is the level of inflation (s t =π t ), then the LSTR1 model is able to describe an asymmetric reaction of the central bank to a high and to a low inflation regime. Given the important weight that the central banks analysed in this study put on inflation, we expect to find significant differences in the behaviour of these banks when (expected) inflation is deviating considerably from a certain threshold.
The STR model is equivalent to a linear model with stochastically time-varying coefficients and, as so, it can be rewritten as:
Given that G(η,c,s t ) is continuous and bounded between zero and one, the combined parameters, ζ, will fluctuate between ψ and ψ+ω and change monotonically as a function of s t . The more the transition variable moves beyond the threshold, the closer 34 Some of these parameters may be zero a priori.
G(η,c,s t ) will be to one, and closer the parameters ζ will be to ψ+ω; similarly, the further s t approaches the threshold, c, the closer the transition function will be to zero and closer the parameters ζ will be to ψ. 35 As, in practice, a monotonic transition may not be a satisfactory alternative, this study will also consider (and test for) the presence of a non-monotonic transition function, in line with the work of Martin and Milas (2004) . In fact, central banks may consider not a simple numeric and rigid target for inflation but a band or an inner inflation regime, where inflation is considered under control and, consequently, the reaction of the monetary authorities will be different from a situation where inflation is outside that regime.
The non-monotonic alternative function to consider is the following logistic function of order two: 
Linearity versus nonlinearity
Before proceeding with the estimation of the nonlinear model, it is important to test whether the behaviour of monetary policy in a particular country can be really described by a nonlinear Taylor rule. This implies testing linearity against the STR model. 37 The null hypothesis of linearity is H 0 : η=0 against H 1 : η>0. However, neither the LSTR1 model nor the LSTR2 model are defined under this null hypothesis; they are only defined under the alternative. Teräsvirta (1998) and van Dijk et al. (2002) show 35 Note that when η→0, the logistic transition function converges to 0.5 and the model is linear; when η→∞, the LSTR1 model becomes a two regime switching regression model. H 02 :β 3 =0; H 03 :β 2 =0|β 3 =0; and H 04 :β 1 =0|β 3 =β 2 =0. Granger and Teräsvirta (1993) show that the decision rule works as follows: if the p-value from the rejection of H 03 is the lowest one, choose an LSTR2 model; otherwise, select an LSTR1.
Empirical results
The empirical work provided in this section shows evidence that two of the three central banks considered in this study are clearly following a nonlinear Taylor rule instead of a linear one: the ECB and the BOE. The results of the linearity tests provided in the bottom of Table 3 (see line H 01 ) -where (expected) inflation is the threshold variable -show that we can reject the linearity hypothesis at a level of significance of 5% (but only at 10% for the preferred model for the US). Inflation is chosen to be the threshold variable because of the important weight central banks put on this variable and also because this variable has provided the lowest p-value for the rejection of the linear model. 39 The tests for the choice of the transition function are also presented in 38 See Teräsvirta (1998).
39 Teräsvirta (1998) argues that if there is no reason to choose one variable over any other to be threshold variable and if nonlinearity is rejected for more that one transition variable, the variable presenting the lowest p-value for the rejection of linearity should be chosen to be the transition variable. In this study, we also tried the output gap and the EFCI as transition variables but the p-value for the rejection of the linear model was higher than for inflation and in most of the cases the linearity was not rejected.
the bottom of This means that the ECB is pursuing a point target, while the BOE (and perhaps the Fed) are attempting to keep inflation within a certain range.
[Insert Table 3 around here]
The first results presented in Table 3 (EZ1, US1 and UK1) were obtained from the nonlinear least squares estimation of a simple nonlinear Taylor rule without allowing for a forward-looking behaviour or interest rate smoothing (see notes in Table   3 ). The best fitting model is found by sequentially eliminating insignificant regressors by using the SBIC measure of fit. The results indicate that the ECB is reacting to inflation (according to the Taylor principle, ω π >1) only when it reaches values above 2%, which remarkably coincides with the ECB's target for inflation and with the implicit target for inflation estimated in the linear version. When inflation is well below 2%, the ECB does not react to inflation directly, but reacts to the inflationary pressures that may arise through the economic cycle. The ECB's reaction to the output gap seems to become stronger when inflation grows above the 2% target. Instead of pursuing a point target (of 2%) for inflation like the ECB, the Fed and BOE try to keep inflation within, respectively, the 2.04%-3.67% and 1.61%-1.99% ranges, according to this basic nonlinear Taylor rule. When inflation is inside these ranges, these two central banks only react to the output; they only react to inflation when it is outside these ranges.
However, the reaction of the BOE does not accord with the Taylor principle.
In general the results seem quite reasonable, but the autocorrelation problems presented by these estimations and the fact that central banks are taking into account not only present and past information but also future inflation expectations suggest we should proceed with the estimation of a forward-looking version of these nonlinear models, where the nonlinear Taylor rule allows for interest rate smoothing. A nonlinear instrumental variables (IV) estimator is used to estimate these models, where the results are presented in columns EZ2 and EZ3 and confirm the significant nonlinear reaction of the ECB to expected inflation: the ECB only starts to react actively to inflation when it is above 2.5%, a value that is very close to the implicit inflation target estimated in the linear model and not very far from the target announced by the ECB; moreover, they only react to the output gap when expected inflation is well below 2.5%
(ψ y +ω y is not significant). This is a very important result: first, it confirms the main aim of the ECB of keeping inflation low; second, once this objective is achieved, this study also supports the expressed ECB's intention of promoting a sustainable growth. 40 This means that the nonlinear Taylor rule estimated in this section describes quite remarkably the monetary policy sustained by the ECB for the Eurozone. Moreover, the nonlinear model also shows some evidence that the ECB is considering the information contained in some financial variables in its decisions on the interest rate. 41 Therefore, this study concludes that this augmented nonlinear Taylor rule is the policy rule that best represents the ECB's behaviour.
42
The forward-looking Taylor rule with interest rate smoothing estimated for the US (see column US2) does not present significant differences in comparison with the results presented in column US1. Nevertheless, it is important to emphasize that the forward-looking linear model for the US is only rejected at a level of significance of 10%, which means that the Fed monetary behaviour can be well explained by a forward-looking linear Taylor rule. Therefore, this paper shows that the evidence found by Petersen (2007) that the Fed follows a nonlinear Taylor rule is only valid when we consider a basic nonlinear Taylor rule. As soon as we depart from this assumption and consider a more complete framework -where the forward-looking behaviour of the Fed 40 Note that according to the ECB: "The contribution of monetary policy consists in maintaining price stability and establishing confidence in the continuation of its efforts, thereby creating the conditions necessary for the sustained, non-inflationary growth of output and employment." Cf. ECB (1999, p.10) . 41 Despite US_OutpGap proving significant in the linear model, it is not included in the nonlinear regressions because due to the complexity of the model it was not possible to achieve convergence after trying several combinations of initial values. 42 The results of a nonlinear Taylor rule without EFCI are presented in column EZ4 to permit a direct comparison with the main results obtained for the other economies. In other regressions, not presented here, we set c=2% -instead of estimating c -and then estimate the model, but it did not converge to reasonable values. Only for values of c around 2.5%, we were able to find robust results. This is the case because, as shown in Figure 1 inflation has remained well above 2% for most of the time period analysed here for the Eurozone. Nevertheless, we think it is preferable to estimate c than impose a value that, in practice, may not fit well to the available data.
and interest rate smoothing are controlled for -the conclusion may not be the same. 43 In fact, additional linearity tests (not presented here) revealed that linearity is not rejected when two relevant variables such as CredSprd and ΔFutSprd are included in the nonlinear model. The same result was obtained when we tried to include EFCI.
Finally, the results obtained for the UK are quite similar to the ones obtained for the Eurozone (see columns UK2 and UK3) and update the evidence provided by Martin and Milas (2004) that the BOE follows a nonlinear Taylor rule and tries to keep inflation within a range -of 1.8%-2.4% according to our evidence -rather than pursuing the actual official point target of 2%. Results indicate a strong reaction of the BOE to inflation when expected inflation is outside the 1.8%-2.4% range. As soon as inflation is in this range, it only reacts to the business cycle and, to a lesser degree, to the additional economic information contained in the CredSprd variable. To answer the first question we built a financial conditions index from the weighted average of a group of asset prices and financial variables and included it, first, in the linear Taylor rule. The results indicate that while the ECB is targeting the information contained in this index in order to avoid inflationary pressures from imbalances in the asset and financial markets, the Fed and BOE leave those markets free from any direct control. In our opinion, this different behaviour might be one of the causes for the recent credit crunch has arisen in the US (and UK) housing and financial markets and not in the Eurozone -even though its repercussions have spread to all developed markets and to the real economy. Thus, the first main conclusion of this study is that targeting financial conditions might be a solution to avoid imbalances in the financial and asset markets and, consequently, it may help to avoid sharp economic slowdowns. 43 The recent evidence provided by Qin and Enders (2008) for the Fed also points into that direction. 44 Like in the linear model, no other significant results were obtained with the inclusion of other variables.
The results mentioned above were obtained using a linear Taylor The estimation of the nonlinear Taylor rule using a smooth transition regression model provides interesting results. First, they show that the ECB pursuits a point target of 2.5% for inflation. Second, the ECB only reacts actively to inflation when it is above that target and it only starts to react to the business cycle when inflation is stabilised well below 2.5%. Thus, another important conclusion of this study is that the nonlinear Taylor rule estimated in this paper encompasses quite remarkably the principles of the ECB monetary policy: i) promoting price stability above everything; ii) when that is achieved, promote conditions for a sustainable growth. The fact that the estimated inflation threshold is slightly higher than the 2% reference value announced by the ECB may mean that the ECB is in reality allowing for some monetary flexibility, perhaps to accommodate the differences among the economies that constitute the Eurozone.
Even after the nonlinearities are controlled for, the ECB continues to consider the information contained in financial variables, which reinforces the first main conclusion of this study and allows us to say that the nonlinear Taylor rule augmented with the financial conditions index developed in this paper is the policy rule that best represents the ECB's behaviour.
Finally, the nonlinear Taylor rule estimated for the BOE indicates that this central bank is pursuing a target range of 1.8%-2.4% for inflation rather than the official point target of 2%. The BOE reacts actively to inflation when it is outside that range, but, once inside, it only reacts to the business cycle and to the credit spread variable.
Besides extending this study to other central banks, another important extension would be to understand whether and how financial sector regulation and commercial banks' off-balance sheet entities are taken into account in the central banks' reaction function. We believe that such analysis could contribute a little more to the understanding of the reasons for the recent credit crunch. Our intention is to proceed with that analysis in a future work, as soon as more data are available. the horizons of the inflation and output gap forecasts for the US (UK) are, respectively, 12 (6) and 3 (0) months (these leads were chosen according to the SBIC); the other variables (except US_OutpGap) are all lagged one period to avoid simultaneously problems. The set of instruments for the US includes a constant, 1-6, 9, 12 lagged values of the CoreInfl, OutpGap and Yield10yr; the set of instruments for the UK includes a constant, 1-6, 9, 12 lagged values of the RPI_Infl, OutpGap, Yield10yr and FCI; some lags of the other exogenous variables are also used when those variables are added to the equation. In these two cases, a second-order partial adjustment model fits the data better than the first-order model used for the Eurozone. Robust standard errors (heteroscedasticity and autocorrelation-consistent) with NeweyWest/Bartlett window and 3 lags were computed and the respective t-statistics are presented in parentheses; significance level at which the null hypothesis is rejected: ***, 1%; **, 5%; and *, 10%. The estimate of π* assumes that the long-run equilibrium real interest rate is equal to its sample average (r=2.27 for the US and r=3.41 for the UK). The p-value of the Hansen's overidentification test is reported in square brackets. Regressions in columns US7 and UK8 were estimated just over the period January 1999-December 2007 (for this period r=1.41 for US and r=3.13 for the UK). For further details see Table 1 . Svensson (1997) 
A.2 Description of the variables, descriptive statistics and unit root tests
A complete description of the variables used in this paper is presented in this part of the Annex -for the Eurozone, United States and United Kingdom -as well as some descriptive statistics and unit root and stationarity tests. TreasRate 3-month Treasury bill discount rate (monthly average).
OfficRate
Official Central Bank interest rate (end of the month).
Inflation
Inflation rate computed as the annual rate of change of the harmonized index of consumer prices (HICP, base year: 2005=100), seasonally adjusted.
Inflation rate computed as the annual rate of change of the consumer prices index (CPI, base year: 1982-84=100) for all urban consumers and all items, seasonally adjusted.
Inflation rate computed as the annual rate of change of the CPI (base year: 2005=100), seasonally adjusted.
Note: The official CPI starts in 1996 but historical estimates back to 1988 were calculated by the UK Office for National Statistics based on archived RPI data.
CoreInfl
Core inflation rate computed as the annual rate of change of the consumer price index (CPI, base year 1982-84=100) for all urban consumers and all items less food and energy, seasonally adjusted.
RPI_Infl
Retail price index (RPI) inflation rate computed as the annual change of the RPI all items (January 1987=100).
OutpGap
Output gap computed as the percentage deviation of the (log) industrial production index (total industry, seasonally adjusted) from its Hodrick-Prescott trend.
M3
Annual growth rate of the monetary aggregate M3 (seasonally adjusted, 3-month moving average).
FCI
Financial conditions index computed as the weighted average of the real effective exchange rate, real share prices and real property prices.
EFCI
Extended financial conditions index computed from the weighted average of the real effective exchange rate, real share prices and real property prices plus credit spread and futures interest rate spread. 
